Numerous reports have linked cytoskeleton-associated proteins with the regulation of epithelial Na ϩ channel (ENaC) activity. The purpose of the present study was to determine the effect of actin cytoskeleton disruption by cytochalasin E on ENaC activity in Xenopus 2F3 cells. Here, we show that cytochalasin E treatment for 60 min can disrupt the integrity of the actin cytoskeleton in cultured Xenopus 2F3 cells. We show using single channel patch-clamp experiments and measurements of shortcircuit current that ENaC activity, but not its density, is altered by cytochalasin E-induced disruption of the cytoskeleton. In nontreated cells, 8 of 33 patches (24%) had no measurable ENaC activity, whereas in cytochalasin E-treated cells, 17 of 32 patches (53%) had no activity. Analysis of those patches that did contain ENaC activity showed channel open probability significantly decreased from 0.081 Ϯ 0.01 in nontreated cells to 0.043 Ϯ 0.01 in cells treated with cytochalasin E. Transepithelial current from mpkCCD cells treated with cytochalasin E, cytochalasin D, or latrunculin B for 60 min was decreased compared with vehicle-treated cells. The subcellular expression of fodrin changed significantly, and several protein elements of the cytoskeleton decreased at least twofold after 60 min of cytochalasin E treatment. Cytochalasin E treatment disrupted the association between ENaC and myristoylated alanine-rich C-kinase substrate. The results presented here suggest disruption of the actin cytoskeleton by different compounds can attenuate ENaC activity through a mechanism involving changes in the subcellular expression of fodrin, several elements of the cytoskeleton, and destabilization of the ENaC-myristoylated alanine-rich C-kinase substrate complex.
The purpose of the present study was to determine the effect of actin cytoskeleton disruption by cytochalasin E on ENaC activity in Xenopus 2F3 cells. Here, we show that cytochalasin E treatment for 60 min can disrupt the integrity of the actin cytoskeleton in cultured Xenopus 2F3 cells. We show using single channel patch-clamp experiments and measurements of shortcircuit current that ENaC activity, but not its density, is altered by cytochalasin E-induced disruption of the cytoskeleton. In nontreated cells, 8 of 33 patches (24%) had no measurable ENaC activity, whereas in cytochalasin E-treated cells, 17 of 32 patches (53%) had no activity. Analysis of those patches that did contain ENaC activity showed channel open probability significantly decreased from 0.081 Ϯ 0.01 in nontreated cells to 0.043 Ϯ 0.01 in cells treated with cytochalasin E. Transepithelial current from mpkCCD cells treated with cytochalasin E, cytochalasin D, or latrunculin B for 60 min was decreased compared with vehicle-treated cells. The subcellular expression of fodrin changed significantly, and several protein elements of the cytoskeleton decreased at least twofold after 60 min of cytochalasin E treatment. Cytochalasin E treatment disrupted the association between ENaC and myristoylated alanine-rich C-kinase substrate. The results presented here suggest disruption of the actin cytoskeleton by different compounds can attenuate ENaC activity through a mechanism involving changes in the subcellular expression of fodrin, several elements of the cytoskeleton, and destabilization of the ENaC-myristoylated alanine-rich C-kinase substrate complex.
epithelial Na ϩ channels; actin; cytoskeleton DESPITE CONTINUING RESEARCH EFFORTS aimed at understanding renal cell physiology, a comprehensive understanding of the factors governing total body homeostatic salt and water balance and associated disease states remains incomplete. For example, in nearly 90% of hypertension cases (essential hypertension), the underlying etiology remains unknown (26) . Principal cells, located in the renal distal nephron, express highly selective epithelial Na ϩ channels (ENaC), which mediate Na ϩ reabsorption. Na ϩ reabsorbed in this segment represents the final 2% of the total filtered load of Na ϩ . Despite the relatively small amount of Na ϩ reabsorbed compared with the filtered load, the importance of ENaC is underscored by gain of function mutations in ENaC, namely, Liddle's syndrome, as well as loss of function pseudohypoaldosteronism type I, both of which cause abnormalities in whole body salt and water balance and blood pressure (11, 14, 15, 39) .
While progress has been made in understanding the mechanisms and pathways regulating ENaC activity, the picture remains incomplete, and understanding ENaC regulation remains an impediment to progress in the field and to our understanding of how the kidney contributes to whole body salt and water homeostasis. One area that remains to be fully resolved is an understanding of how the actin cytoskeleton regulates ENaC activity.
The cortical actin-based cytoskeleton consists of a lattice network of actin filaments that underlies and connects with the plasma membrane. The direct interaction between actin and various membrane channel proteins, including ENaC, has been described in a previous review (30) . However, the influence that the actin cytoskeleton has on ENaC activity remains to be fully investigated. Previous studies investigating actin regulation of ENaC have used biophysical techniques, such as patch clamping, and several biochemical techniques. These techniques have been applied to Xenopus laevis oocyte expression systems using cloned ENaC (8, 19) . While these earlier studies shed light on the role of the cytoskeleton in ENaC regulation, they were performed in model systems that do not express endogenous ENaC. Furthermore, oocytes do not necessarily have the endogenous cell machinery found in ENaC-expressing distal nephron cells. Previous work by Cantiello et al. (10) investigated the functional role of the actin cytoskeleton in the regulation of amiloride-sensitive cation channels. In this study, the application of cytochalasin D to A6 epithelial cells rapidly increased amiloride-sensitive cation channel activity. In other studies, Karpushev et al. (20) showed that cytochalasin D rapidly increased ENaC activity in human embryonic kidney-293 cells, mpkCCD(c14) cells, and freshly isolated rat collecting duct cells. Biochemical techniques have shown that ENaC can indirectly or directly interact with actin (24, 28, 30) . The COOH-terminal domain of ␣-ENaC has been shown to contain a proline-rich domain capable of binding the SH3 domain of ␣-spectrin, an actin-binding protein (28) . However, the COOH-terminal domain of ␣-ENaC can directly interact with actin (24) . It is unclear what determines whether the COOHterminal domain of ␣-ENaC is connected to the actin cytoskeleton indirectly via ␣-spectrin or directly and, moreover, how these different linkages impact ENaC behavior. Other investigators have investigated the role of various actin-associated proteins in modulating ENaC activity in renal epithelial cells. Ilatovskaya et al. (17) demonstrated that cortactin is involved in the downregulation of ENaC in mpkCCD c14 cells and that the mechanism was dependent on the Arp2/3 complex. Zuck-erman et al. (48) showed ENaC is part of a macromolecular complex with Apx and ␣-spectrin in A6 epithelial cells and that Apx is required for ENaC expression (48) . Assef et al. (6) followed up on the experiments of Zuckerman et al. and provided evidence for xShroom1-dependent ENaC inhibition in X. laevis oocytes. Wang et al. (44) reported that filamins interact with ENaC and inhibit channel function.
There is a large body of evidence that supports a role for the actin cytoskeleton in regulating ENaC by small G proteins. Prior work by Staruschenko et al. provided the first evidence that the small G proteins Rho (36) , Ras (37, 38) , and Rab (22) are involved in regulating ENaC density and activity at the apical plasma membrane. Karpushev et al. (20) demonstrated that the integrity of the actin cytoskeleton is important for small G protein-dependent activation of ENaC. The colocalization of other ion channels similar in structure to ENaC with members of the ezrin-radixin-moesin (ERM) family may indicate that a complex signaling complex exists between the apical plasma membrane and the cytoplasmic interface. For example, Deval et al. (12) showed acid-sensing ion channels colocalize with ezrin. The ERM family of proteins functions as linkers between the plasma membrane and actin cytoskeleton.
On the basis of the available literature, our experiments were designed to test the hypothesis that the actin cytoskeleton regulates ENaC activity in part by maintaining the membrane organization of a complex network of proteins.
METHODS
Reagents. Cytochalasin E was purchased from EMD Millipore (Billerica, MA), and cytochalasin D and latrunculin B were purchased from Sigma (St. Louis, MO).
Cell culture. A6 cells are a distal nephron cell line originally derived from the African clawed frog (X. laevis) that endogenously express ENaC, form tight junctions, and have historically been a valuable model for studying salt transport in renal epithelial cells. A subclone of these A6 cells (termed 2F3 cells) was used in the experiments described in this report. 2F3 cells were originally obtained by Dr. Bernard C Rossier (University of Lausanne) by selecting A6 cells that exhibited high transepithelial resistance and that were aldosterone sensitive. 2F3 cells were a generous gift from Dr. Dale Benos. 2F3 cell culture medium was replaced 3 times/wk at 4% CO 2 and 26°C. Media consisted of a 1:1 mixture of DMEM and Ham's F-12 medium (GIBCO, Grand Island, NY) supplemented with 5% FBS (GIBCO), 1.5 M aldosterone (ACROS), 1.0% streptomycin, and 0.6% penicillin (GIBCO) at pH 7.4. Experiments were conducted using 2F3 cells between passages 99 and 106. mpkCCD cells are a mouse cortical collecting duct principal cell line often used to study ENaC activity. These cells were cultured in a 1:1 mixture of DMEM and Ham's F-12 medium (GIBCO) supplemented with 20 mM HEPES, 2 mM L-glutamine, 50 nM dexamethasone, 1 nM triiodothyronine, 2% heat-inactivated FBS, and 0.1% penicillin-streptomycin. Experiments were conducted using mpkCCD cells between passages 28 and 37.
2F3 and mpkCCD cells were maintained in plastic tissue culture flasks for 1 wk and then seeded and grown to confluency on glutaraldehyde-fixed, collagen-coated Millipore-CM filters (Millipore) attached to the bottom of Lucite rings for patch-clamp experiments or permeable transwell inserts (12 and 24 mm) for all other experiments.
Immunoprecipitation. Immunoprecipitation experiments were performed as previously described (3, 4) with the following modifications. Two hundred micrograms of total protein lysed in Mammalian Protein Extraction Reagent and freshly supplemented with protease and phosphatase inhibitors (Thermo Scientific) were incubated with a 1:250 dilution of anti-ENaC or anti-myristoylated alanine-rich C-kinase substrate (MARCKS) polyclonal antibodies at 4°C for 4 h with end-over-end mixing. Complexes were incubated with a 1:10 dilution of prewashed 50% protein G agarose (Millipore) at 4°C for 6 h with end-over-end mixing. Beads were washed four times with ice-cold Mammalian Protein Extraction Reagent, and bound proteins were eluted in 1ϫ SDS sample buffer and analyzed by SDS-PAGE, Western blot analysis, or Coomassie staining.
SDS-PAGE and Western blot analysis. Proteins samples in sample buffer were loaded onto 4 -15% mini-PROTEAN or Criterion precast gels (Bio-Rad). Proteins were separated and then transferred onto nitrocellulose membranes. Membranes were blocked and then incubated with the indicated primary antibodies overnight. Membranes were then incubated with horseradish peroxidase-conjugated secondary antibody before being incubated with CDP-Star ECL solution (Roche) or Supersignal (ThermoFisher) while following the manufacturer's instructions. Blots were imaged with a Kodak Imager and analyzed using ImageJ software.
Biotinylation. All biotinylation steps were conducted either on ice or at 4°C. 2F3 cells were grown to confluency on 24-mm transwellpermeable supports (Corning). The apical side of confluent 2F3 cells was washed three times with ice-cold PBS and then incubated twice with 0.5 mg/ml biotin in borrate buffer (85 mM NaCl, 4 mM KCl, and 15 mM Na 2B4O7·10H2O; pH 8.0) for 30 min at 4°C each time. The apical side was washed three times at 4°C (10 min/wash) with A6 base media supplemented with 100 mM glycine to quench excess biotin. Apical and basolateral spaces were then washed three times with ice-cold PBS containing protease inhibitors before cells were scraped, collected, and centrifuged. Cells were lysed for 60 min at 4°C in 300 l RIPA buffer (150 mM NaCl, 10 mM NaPO4, 0.1% SDS, 0.25% deoxycholate, and 1% Nonidet P-40; pH 7) containing protease inhibitors. Neutravidin beads were prepared by washing the beads three times with PBS and then incubating them with 20 mg/ml BSA in RIPA buffer for 1 h. After pretreatment, beads were washed three times with PBS to remove excess BSA. Cell lysate was collected and incubated with Neutravidin beads overnight at 4°C. After the overnight incubation, beads were washed four times (10 min/wash) with RIPA buffer containing protease inhibitors to remove unbound nonbiotinylated proteins. Next, beads were incubated with 50 l of 2ϫ sample buffer containing 80 mM DTT at 95°C for 10 min. Solubilized and biotinylated membrane proteins were then analyzed by SDS-PAGE and Western blot analysis.
Confocal microscopy. 2F3 cells were grown to confluence on 12-mm transwell-permeable supports and treated with vehicle (0.1% DMSO) or 1.5 M cytochalasin E. After treatment, the apical side was briefly washed three times with A6 patching solution. Cells were fixed by incubating with 4% methanol-free formaldehyde in A6 solution (Pierce/Thermo Scientific) for 10 min. Cells were then washed to remove formaldehyde and permeablized for 5 min in 0.1% Triton X-100. Cells were briefly washed and then blocked for 25 min at room temperature in a solution containing 1% BSA. Next, cells were incubated for 25 min at room temperature in a solution containing 125 nM Alexa fluor 568 phalloidin (Invitrogen) and 1% BSA. A stock solution of ϳ 6.6 M Alexa fluor 568 phalloidin was prepared following the manufacturer's instructions. Cells were washed, and the insert was removed and placed onto a microscope slide (Fisherbrand). A drop of VECTASHIELD Hard Set Mounting Medium containing 4=,6-diamidino-2-phenylindole was applied to the cells, and a microscope coverglass (22 ϫ 22 ϫ 1.5, Fisherbrand) was overlayed, covering the insert. Images were taken using an Olympus FluoView 1000 confocal microscope. Alexa fluor 568 was excited at 578 nm and emission was monitored at 600 nm while 4=,6-diamidino-2-phenylindole was excited at 360 nm and emission was monitored at 460 nm.
Transepithelial measurements. 2F3 cells were grown on transwellpermeable supports (Corning) to confluency. After 7-10 days in culture, the transepithelial voltage and transepithelial resistance across 2F3 cell monolayers were measured using an epithelial volt-ohmmeter equipped with chopstick electrodes (World Precision Instruments, Sarasota, FL). The equivalent short-circuit current was calculated according to Ohm's law (I te ϭ Vte/Rte, where Ite is transepithelial current, Vte is transepithelial voltage, and Rte is transpithelial resistanc) and then corrected for the surface area of the insert. Monolayers were treated with 100 nM amiloride at the end of the experiment to show that the current source was ENaC.
Single channel patch-clamp recordings. The cell-attached configuration was used in all patch-clamp experiments. Micropipettes were pulled from filamented borosilicate glass capillaries (TW-150F, World Precision Instruments) with a two-stage vertical puller (Narishige, Tokyo, Japan). The resistances of the pipettes were between 8 and 10 M⍀ when filled with and immersed in patch solution containing (in mM) 96 NaCl, 3.4 KCl, 0.8MgCl 2, 0.8 CaCl2, and 10 HEPES, with pH adjusted to 7.4 by NaOH. Single channel recordings were made from individual cells for ϳ8 -10 min at pipette holding potentials of 0 or 20 mV.
Data analysis. Channel currents were recorded at 1 kHz with an Axopatch 1-D amplifier (Molecular Devices) with a low-pass, 100-Hz, eight-pole Bessel filter. Channel activity per patch was determined during an 8-to 10-min recording period. To determine ENaC activity (NP o), we used pCLAMP 9 software (Molecular Devices). Channel NPo was calculated from the single channel record without any assumptions about the total number of channels (N) in a patch or the open probability (Po) of a single channel using the following relationship:
where i is the number of channels open, ti is the recording time during which i channels are open, and T is the total recording time.
Two-dimensional gel electrophoresis and analysis.
Proteins were separated by their isoelectric point and then by their molecular mass as previously described (5) . Briefly, the ReadyPrep 2-D cleanup kit (Bio-Rad) was used to concentrate and desalt samples before they were reconstituted in 125 l rehydration/sample buffer [8 M urea, 2% CHAPS, 50 mM DTT, 0.2% (wt/vol) Bio-lyte 3/10 ampholytes, and bromophenol blue]. Samples were applied to IPG strips (pH 4 -7 ReadyStrip, 7 cm, Bio-Rad), which were rehydrated for 16 h at room temperature. Rehydrated IPG strips were subjected to isoelectric focusing using a Protean IEF cell (Bio-Rad) according to the indicated parameters (250 V, linear ramp, 20 min; 4,000 V, linear ramp, 2 h; 4,000 V, rapid ramp, 10,000 V·h; 20°C, 50 A/strip) after being placed in an isoelectric focusing tray containing electrode wicks and covered with mineral oil. Focused IPG strips were transferred to an equilibration tray and incubated with 2.5 ml of the first equilibration buffer [6 M urea, 2% SDS, 0.375 M Tris·HCl (pH 8.8), 20% glycerol, and 2% (wt/vol) DTT] for 10 min on an orbital shaker at room temperature. IPG strips were then incubated with 2.5 ml of the second equilibration buffer [6 M urea, 2% SDS, 0.375 M Tris·HCl (pH 8.8), 20% glycerol, and 2.5% (wt/vol) iodoacetamide] for 10 min on an orbital shaker at room temperature. Digitized gels images were analyzed qualitatively and quantitatively using PDQuest analysis software (Bio-Rad).
RESULTS

ENaC activity decreases after disruption of the actin cytoskeleton.
Epithelial ion channels, including ENaC, are indirectly linked to the actin cytoskeleton through actin-binding proteins (24) . This interaction can be investigated by disrupting actin polymerization. Cytochalasins are fungal toxins that can bind to actin filaments and block polymerization and elongation of actin. We investigated the effects of cellpermeable cytochalasin E on the activity of endogenously expressed ENaC in Xenopus 2F3 cells (Fig. 1) . (Fig. 1D) .
Disruption of the actin cytoskeleton does not affect the density of ENaC at the membrane. To determine if disruption of the actin cytoskeleton decreases ENaC activity by decreasing the number of ENaC subunits at the apical membrane, we performed surface biotinylation assays. The presence of an immunoreactive band at 75 kDa, corresponding to the ␥-subunit of ENaC from cells treated with biotin, and the absence of the same band for cells treated with vehicle demonstrates the ability of the biotinylation assay to distinguish between cell surface and cytoplasmic ␥-ENaC (Fig.  2A) . As shown in Fig. 2 , B and C, there were no significant differences in either ␣-or ␥-subunits of ENaC, respectively, at the cell surface after disruption of the actin cytoskeleton with cytochalasin E.
Cytochalasin E induces actin clumping in Xenopus 2F3 cells. Treatment of cultured cells with cytochalasin E can cause disruption of actin network organization by increasing the number of actin filament ends and causing formation of filamentous aggregates (31) (Fig. 3) . Cytochalasin E treatment caused aggregation of actin fragments that appear to be diffusely scattered throughout the cytoplasm. 
Fodrin but not spectrin, ezrin, or moesin is sensitive to cytochalasin E treatment.
The actin cytoskeleton is composed of a complex network of proteins that together play a role in maintaining the stability and subcellular distribution of membrane-bound ion channels. The ERM family of proteins as well as spectrin and fodrin are all components of the actin cytoskeleton that serve as linkers to the surface membrane. We (1) have previously reported the expression of ENaC in medium-density fractions from sucrose density gradient centrifugation experiments. Here, we showed the expression of various actin cytoskeleton proteins in the same medium-density fractions (Fig. 4) . We analyzed the expression and distribution of these proteins after treatment of Xenopus 2F3 cells with or without cytochalasin E. Interestingly, Western blot analysis showed that the expression of fodrin, but not ezrin, radixin, moesin, or spectrin, changed with cytochalasin E treatment compared with control (Fig. 4, A-C) . A decrease in the total amount of fodrin protein was observed in the lane corresponding to the whole cell lysate in the Western blots for the cytochalasin E-treated group. Furthermore, a statistically significant change in the amount of fodrin protein in fraction 6 was found after we compared mock and cytochalasin E-treated samples (Fig. 4D) .
Cytochalasin E treatment disrupts protein elements of the cytoskeleton in Xenopus 2F3 cells. The specific proteins that are affected by cytochalasin E treatment in Xenopus 2F3 cells have never been investigated. We used a proteomic approach to identify cytoskeleton-associated proteins expressed in Xenopus 2F3 cells, including those that link the actin cytoskeleton with the plasma membrane, that are affected by cytochalasin E treatment. We isolated nuclear, cytoplasmic, and membrane fractions by sucrose density gradient ultracentrifugation. Cytoplasmic and membrane fractions were then subject to twodimensional gel electrophoresis for further analysis. PDQuest software analysis revealed relative changes in protein spots. Seventeen proteins from these fractions decreased at least twofold after treatment with cytochalasin E compared with control (data not shown). Three spots from Coomassie-stained gels (Fig. 5, A and B) were excised and subject to tryptic digestion for mass spectrometry analysis. MASCOT results revealed that each of the three protein spots analyzed were protein elements of the cytoskeleton (Fig. 5D) . ␣-Tubulin, actin, and ␤-tubulin decreased at least twofold after cytochalasin E-induced disruption of the cytoskeleton.
The association between ENaC and MARCKS is disrupted after cytochalasin E treatment in Xenopus 2F3 cells.
We (1) have previously shown a transient association between ENaC and MARCKS that aimed to explain the molecular mechanism for the regulation of ENaC by anionic phospholipids. Since ENaC and MARCKS are both associated with the actin cytoskeleton, we asked if this transient association is attenuated or absent after disruption of the actin cytoskeleton by cytochalasin E treatment. Coimmunoprecipitation experiments showed that the association between each of the three distinct ENaC subunits and MARCKS is attenuated or completely abolished after treatment with cytochalasin E (Fig. 6, A-C Increased magnification of the area in the white square is shown on the right. Cells were fixed and stained with Alexa fluor 568 phalloidin (actin, red) and 4=,6-diamidino-2-phenylindole (nucleus, blue). Cyto E treatment induced actin "clumping" (see arrowheads) that was absent in vehicle-treated cells. Z-stack images were taken using an Olympus F1000 confocal microscope. current by Ohms law. All compounds resulted in a decrease in amiloride-sensitive transepithelial current (Fig. 7) .
DISCUSSION
The role of the actin cytoskeleton in the regulation of ENaC has previously been reviewed (23) . The regulatory role of actin filament organization on ENaC activity has been previously described (9) . The actin cytoskeleton is a cellular scaffold that consists of microtubules, actin filaments, intermediate filaments, and various associated proteins that are organized in a spatially and temporally specific manner. The regulation of actin accumulation in a polarized manner is just one example of the spatial organization of the actin cytoskeleton. Signaling pathways that may involve posttranslational modifications (e.g., phosphorylation) could contribute to the temporal organization of the actin cytoskeleton. Our laboratory (1) has previously demonstrated a role for MARCKS in the phosphatidylinositol 4,5-bisphosphate (PIP 2 )-dependent regulation of ENaC in Xenopus 2F3 cells. MARCKS has the potential to regulate both the spatial and temporal organization of the actin cytoskeleton. MARCKS is thought to facilitate actin crosslinking, and its function is dependent on phosphorylation by PKC at serine residues. Mazzochi et al. (24) demonstrated direct evidence for the association between ENaC and actin, and we (1) have shown that MARCKS and ENaC associate in a transient manner. There are numerous reports of MARCKS binding to actin (16, 45, 46) , which suggest MARCKS could function as a linker between ENaC and the actin cytoskeleton. There is accumulating evidence for the interaction between ENaC and the actin cytoskeleton-associated protein spectrin. Rotin et al. (28) and Sormunen et al. (33) showed the ␣-subunit of ENaC and spectrin colocalize at the apical membrane of alveolar epithelial cells. Consistent with findings from these laboratories, we found that ENaC coimmunoprecipitates with spectrin in X. laevis distal nephron surface epithelial cells (data not shown). Karpushev et al. (21) demonstrated that although the cytoskeleton is necessary for the small G protein-mediated increase of ENaC activity, modifications of the actin cytoskeleton do not mediate flow-dependent activation of ENaC. Karpushev et al. (20) found that disruption of the actin cytoskeleton with cytochalasin D increases ENaC P o within 20 min but decreases ENaC activity over a longer period of time. The former finding is in contrast to our present findings, in which we found that disruption of the actin cytoskeleton with cytochalasin E, cytochalasin D, or latrunculin B within 60 min decreases amiloride-sensitive transepithelial current. A possible reason for why we observed a decrease in ENaC activity quicker than that observed by Karpushev et al. in single channel patchclamp experiments could be attributed to using different cells lines. Karpushev et al. used mpkCCD cells, whereas we used Xenopus 2F3 cells, for single channel patch clamp experiments. Although we also observed a decrease in amiloridesensitive transepithelial current within 1 h in mpkCCD cells, the results were measured across a monolayer of tight junctionforming cells using an epithelial volt-ohmmeter instead of individual cells using the patch-clamp method. The decrease in ENaC activity observed by Karpushev et al. after 2 h of cytochalasin D treatment or in our study after 1 h of cytochalasin E, cytochalasin D, or latrunculin B treatment is consistent with our hypothesis that the actin cytoskeleton serves as an organizing center for proteins including MARCKS, ENaC, actin, and fodrin. In addition to cytochalasin E, cytochalasin D, and latrunculin B potentially disrupting interactions between the apical plasma membrane and actin-associated proteins, these compounds reduce the interaction between ENaC and MARCKS (Fig. 6) . We (1) have previously shown that MARCKS potentiates the PIP 2 -dependent increase in ENaC activity.
Although there are several commercially available compounds that can be used to disrupt the actin cytoskeleton, we chose cytochalasin E because it is effective at low concentrations and may be the most potent of the cytochalasins (40) . Cytochalasin E treatment disrupted the cytoskeletal microfilaments and changed the shape of cells from polygonal to flattened. We were able to see an effect using low concentrations of cytochalasin E over a short period of time. Shortcircuit current experiments in Xenopus 2F3 cells have shown that ENaC activity could be rescued within 24 h of washing out the cytochalasin E applied to a monolayer of cells with tight junctions (data not shown). This suggest that the cytochalasin E effect is reversible and that the actin cytoskeleton in renal surface epithelial cells is able to recover over time.
This study is not the first to demonstrate a member of the cytochalasin family has an effect on ENaC activity. Cantiello et al. (10) showed cytochalasin D had an induced channel activity within 2 min in excised patches and within 5 min in cell-attached patches in A6 cells. In our study, we used cytochalasin E to disrupt the actin cytoskeleton in 2F3 cells and observed a decrease in amiloride-sensitive ENaC activity in cell-attached patches. In contrast to Cantiello et al., we observed attenuation in amiloride-sensitive transepithelial current using cytochalasin E, cytochalasin D, and latrunculin B treatment in mpkCCD cells. The contrast in results between our laboratory and that of Cantiello et al. may be due to differences in cell culture conditions. First, we used 2F3 cells (between passages 99 and 106) cultured on permeable supports, whereas Canteillo et al. used A6 cells (between passages 20 and 36) cultured on glass coverslips, collagen-coated cover slips, or collagen-covered membranes. The net result of these differences makes it likely that we are examining the effects of cytochalasins on a channel different from those Cantiello et al. examined. The consensus of the ENaC field over 20 yr of study has shown that the channel formed from all three ENaC subunits has specific characteristics including long mean open and closed times, a unit conductance in the presence of Na ϩ of 4 -5 pS, a inwardly rectifying current-voltage relationship, a selectivity for Na ϩ over K ϩ of Ͼ40:1, and a half-blocking concentration of amiloride of Ͻ50 nM (27, 47) . The channels we studied in this work met all of these criteria. close times (Ͻ100 ms), they are cation nonselective, they have a unit conductance of ϳ8 pS, and they require micromolar concentrations of amiloride to block. These channels are similar to nonselective cation channels we have previously described in lung cells (18) . Therefore, it does not surprise us that the channels might respond differently to cytochalasins than the ENaC channels we studied.
Although cytochalasins and latrunculin B are able to alter the state of actin polymerization and the integrity of the actin cytoskeleton, they do so by different mechanisms. Cytochalasins bind to the barbed ends of actin filaments and prevent elongation and shortening, whereas latrunculins destabilize actin filaments and prevents polymerizing by binding to actin monomers near the nucleotide-binding cleft. Unlike the effect seen when using cytochalasin D, it was interesting to find only a transient decrease in amiloride-sensitive transepithelial current after latrunculin B treatment. This was probably due to latrunculin B gradually being inactivated by serum over time.
The attenuation or complete loss of an association between ENaC and MARCKS that we found after disruption of the actin cytoskeleton is consistent with our hypothesis and model for the underlying role of the actin cytoskeleton in the regulation of ENaC activity. Our hypothesis of the actin cytoskeleton serving as an organizing center for the PIP 2 -sequestering protein MARCKS and each of the three distinct and functional subunits of ENaC offers a novel regulatory mechanism that is sensitive at multiple levels. This mechanism depends on the integrity of the actin cytoskeleton to provide stability for the association between ENaC subunits and MARCKS. Phosphorylation of serine residues by PKC within the effector domain of MARCKS reduces the ability of MARCKS to bind PIPs at the membrane (13, 16, 42, 43) . The elevation of intracellular Ca 2ϩ concentrations may increase PKC activity or result in the translocation of a Ca 2ϩ -calmodulin complex to the membrane. Both of these Ca 2ϩ -dependent mechanisms have been shown to potentiate the displacement of MARCKS from the membrane. Both ENaC and MARCKS contain a stretch of basic amino acid residues that includes the binding site for PIPs. It is conceivable for the affinity of PIPs to be stronger for ENaC than for MARCKS to allow the transfer of lipids to occur.
We evaluated the possible effect of cytochalasin E on several different types of proteins that are known to be part of the actin cytoskeleton or link it to ENaC. Initially, we investigated the effect of cytochalasin E on spectrin protein expression in sucrose density gradient fractions because ENaC has been reported to be linked to the actin-based cytoskeleton through spectrin (23) . We also investigated members of the ERM family of proteins because they primarily function as linkers between the actin cytoskeleton and transmembrane proteins. Interestingly, Barret et al. (7) demonstrated that that ezrin binds liposomes containing PIP 2 and identified two PIP 2 -binding sites in the ezrin protein that may be conserved between other members of the ERM family. We also investigated the effect of cytochalasin E on fodrin since it is part of the spectrin family and colocalizes with ENaC at the apical microvillar membrane in renal epithelial cells (32) . It was interesting to find that only fodrin and not any of the members of the ERM family of proteins or spectrin were affected by -calmodulin to the effector domain of MARCKS may affect the ability of this PIP 2 -sequestering protein to regulate ENaC activity at the apical membrane. Coincidently, Sri Widada et al. (34, 35) identified a calmodulin-binding domain within ␣-fodrin. Navarro-García et al. (25) showed that Esherichia coli secreted protein C and its homolog plasmid-encoded toxin can cleave the calmodulin-binding domain of fodrin and cause disruption of the actin cytoskeleton. We (1) have previously demonstrated changes in MARCKS protein expression in different sucrose density gradient fractions from Xenopus 2F3 cells before and after cytochalasin E treatment. This could be, in part, the reason for the observed loss in the association between ENaC and MARCKS after cytochalasin E treatment, as we show in Fig. 6 . It is also possible that the disruption of the actin cytoskeleton by cytochalasin E is causing other proteins that may be part of a signaling complex to dissociate. This, in turn, could initiate various signaling cascades that could alter ENaC activity. For example, we have found PKC and Ca 2ϩ -calmodulin-dependent protein kinase II expression at the membrane where ENaC and MARCKS are present (data not shown). Both of these kinases are capable of activating or inactivating various substrates that could potentially alter ENaC activity.
To identify other proteins that are sensitive to cytochalasin E treatment, we identified multiple protein spots from two-dimensional gels by mass spectrometry. Interestingly, three of the protein spots that decreased at least twofold after cytochalasin E treatment are proteins that make up the protein filaments of the cytoskeleton. Although fodrin was not among the protein spots we identified, it is plausible to expect the shift in fodrin protein expression from the lighter to heavier sucrose fractions in the sucrose density gradient centrifugation experiments (Fig. 4) to correlate with the two-dimensional gel electrophoresis and mass spectrometry experiments that were performed to identify changes in protein expression levels before and after cytochalasin E treatment.
The actin cytoskeleton plays several important roles in ion transport physiology, including maintaining normal polarized expression and insertion of ion channels into the apical membrane and regulating intracellular trafficking of ion channels (23) . The findings presented here support a role for the actin cytoskeleton in the regulation of ion channel activity and introduce a molecular mechanism for the regulation of ENaC activity that includes fodrin and MARCKS as key regulators. Future studies will be necessary to investigate the role of posttranslational modifications of fodrin and MARCKS in the disruption and reorganization of the actin cytoskeleton.
